Rapid and homogeneous mixing inside a microfluidic channel is demonstrated via the acoustic streaming phenomenon induced by the oscillation of sidewall sharp-edges. By optimizing the design of the sharpedges, excellent mixing performance and fast mixing speed can be achieved in a simple device, making our sharp-edge-based acoustic micromixer a promising candidate for a wide variety of applications.
Rapid and homogeneous mixing inside a microfluidic channel is demonstrated via the acoustic streaming phenomenon induced by the oscillation of sidewall sharp-edges. By optimizing the design of the sharpedges, excellent mixing performance and fast mixing speed can be achieved in a simple device, making our sharp-edge-based acoustic micromixer a promising candidate for a wide variety of applications.
The ability to achieve rapid and homogeneous mixing of chemical/biological species enables a wide variety of applications, such as chemical kinetic studies 1, 2 and nanomaterial synthesis. [3] [4] [5] [6] [7] While microfluidic devices seem to be an excellent platform for carrying out these studies due to their short reaction times, high throughput, and reduced reagent consumption, effectively mixing fluids at the microscale is not a trivial process. [8] [9] [10] [11] [12] [13] [14] [15] [16] Due to inherently small channel dimensions, the flow of fluid in microfluidic devices is usually laminar; under laminar flow conditions, viscous forces dominate over inertial forces and fluids are not easily mixed. In order to enable microfluidic applications which require mixing, a number of micromixing methods have been reported. These methods include: chaotic advection, [17] [18] [19] [20] [21] hydrodynamic focusing, [22] [23] [24] [25] [62] [63] [64] micromixer can achieve rapid, homogeneous mixing with minimum hardware. In addition, the operation of the devices is extremely simple, and the mixing can be conveniently toggled on and off. Fig. 1a shows the experimental setup of the sharp-edgebased acoustofluidic micromixer. A single-layer polydimethylsiloxane (PDMS) channel with eight sharp-edges on its sidewall (four on each side) was fabricated and bonded onto a glass slide. A piezoelectric transducer (model no. 273-073, RadioShack Corp.) was then attached adjacent to the PDMS channel using an epoxy (PermaPoxy TM 5 Minute General Purpose, Permatex). Upon the actuation of the piezoelectric transducer, the sharp-edges were acoustically oscillated to generate a pair of counter-rotating vortices (double-ring recirculating flows) in the fluid around the tip of each sharpedge, as shown in Fig. 1b . The double-ring recirculating flows will drastically enhance the mass transport across the channel width by breaking the interface of laminar fluids. Fig. 1c shows the design of the microchannel with sidewall sharp-edges. The length, width and depth of the microchannel were 1 cm, 600 mm, and 50 mm, respectively; each sharp-edge was designed to be of a constant height of 250 mm and variable tip angle (a). Four different tip angles (15u, 30u, 45u and 60u) were chosen to investigate the resulting acoustic streaming effect and determine the optimal angle for best mixing performance. To demonstrate and characterize the fluid flow pattern inside the channel due to the acoustic streaming, a solution containing 1.9 mm diameter dragon green fluorescent beads (Bangs Laboratory) was first infused into the channel. Fig. 2a shows the flow pattern of fluorescent beads in the absence of acoustic activation (with the piezoelectric transducer OFF). In the presence of acoustic activation (with the piezoelectric transducer ON), oscillating sharp-edges induced a strong acoustic streaming effect (Fig. 2b) . The streaming greatly enhanced the mass transport of the two fluids by perturbing the bulk flow and breaking the interface of laminar flow, thereby enabling fast and homogeneous mixing. A video showing the acoustic streaming phenomenon can be found in the ESI3 (Video 1).
The mixing performance of our sharp-edge-based micromixer was characterized by injecting DI water and fluorescent dye (fluorescein) into the channel through two separate inlets. The sharp-edges were acoustically oscillated by the piezoelectric transducer, which was driven by an amplified sinewave signal from a function generator and an amplifier. To determine the frequency at which the oscillating sharp-edges generate the strongest acoustic streaming effect, we first tested the device with 15u sharp-edges, and swept the frequency with a 50 Hz increment from 1 kHz to 100 kHz. Our experimental results indicated that the strongest acoustic streaming effect was generated when the sharp-edges were excited at the frequency of 4.50 kHz. Fig. 3a shows the unmixed laminar flow profile at a flow rate of 1 ml min 21 with the piezoelectric transducer OFF, in which a clear fluid interface was observed. Fig. 3b-d show the mixing results due to the presence of acoustic waves at frequencies of 4.25 kHz, 4.50 kHz, and 4.75 kHz, respectively. Homogeneous mixing of DI water and fluorescein was achieved when the sharp-edges were excited at frequencies of 4.50 kHz and 4.75 kHz, while incomplete mixing was observed at a frequency of 4.25 kHz. To further verify the mixing performance and identify the optimized driving frequency of the piezoelectric transducer, the crosssectional dye concentration profiles (the dashed lines in Fig. 3 ) were plotted by measuring the grey scale value of the experimental images. Fig. 3e shows the normalized dye concentration profile across the channel width for the three driving frequencies. The concentration profiles show that a uniform gray-scale value distribution across the channel width was observed at a frequency of 4.50 kHz, suggesting that 4.50 kHz is the proper driving frequency to develop the strongest acoustic streaming phenomenon and achieve optimized mixing performance. As a result, the frequency of 4.50 kHz was used in all the following experiments. Once the driving frequency was determined, we investigated the effect of the tip angle of sharp-edges on the mixing performance. To quantitatively characterize the mixing performance along the entire length of the channel, we measured the mixing index (M) of fluids at five different positions (indicated as 1, 2, 3, 4, and 5 in Fig. 4a ) along the channel. The mixing index is defined as the standard deviation of normalized gray-scale values, which were extracted from the experimental images obtained. A mixing index of 0.5 indicates for the total flow rate of the two co-injected fluids), a driving frequency of 4.50 kHz, and a driving voltage of 31 V (peak to peak). With a tip angle of 15u, a mixing index of 0.065 was achieved at position 2, suggesting excellent mixing of DI water and fluorescein. For sharp-edges with a tip angle of 30u, acceptable mixing was observed only at position 5, suggesting that a longer mixing distance was required. Incomplete mixing was observed for sharp-edges with a tip angle of 45u (Fig. 4d) .
With a tip angle of 60u, a side-by-side laminar flow was observed due to the unmixed fluids (even in the presence of acoustic wave), and only negligible mixing, which was caused by diffusion, was observed at downstream positions (Fig. 4e) .
The results showed that as the tip angle of sharp-edges decreased, the mixing performance significantly improved. The results can be explained by approximating the oscillation of sharp-edges as the cantilever vibration. For cantilever vibration, one can use the following equation,
where k is the spring constant, E is the Young's modulus of material, w is the width of cantilever, t is the thickness of the cantilever, and L is the length of the cantilever. Sharp-edges with different tip angles in this study all have the same values for Young's modulus, equivalent widths (50 mm), and equivalent lengths (250 mm). The only variable that changes with varying tip angles is the thickness, which increases as the angle increases. Thus sharp-edges with a smaller tip angle should have a lower spring constant. If the input power is constant, a lower spring constant of the cantilever will cause a larger vibration amplitude at the free end of the cantilever.
Treating each single sharp-edge as one cantilever, similarly, the sharp-edges with a tip angle of 15u should have the largest vibration amplitude because of its smallest spring constant. This explains why the sharp-edges with the tip angle of 15u induced stronger acoustic streaming effects than those with tip angles of 30u, 45u, or 60u.
Mixing performance was further characterized by applying different driving voltages to the piezoelectric transducer. suggests excellent mixing of the two fluids and shorter mixing distances were required for low flow rates ( Fig. 6a and 6b) . For higher flow rates (3, 4, and 5 ml min 21 ), the mixing index at position 2 was increased with an increase in flow rate, and acceptable mixing was only observed after passing position 3.
The results suggest that the mixing index increases as flow rate increases, since the ability to oscillate sharp-edges to induce acoustic streaming might be suppressed by high flow rates. The upper limit of flow rate, by which we achieved a mixing index less than 0.1 after passing position 2 (after the first pair of sharp-edges), was 2 ml min 21 (4 ml min 21 for the total flow rate of two coinjected fluids). Although mixing indices less than 0.1 were achieved with the flow rates higher than 2 ml min 21 , they were only observed after passing position 3, suggesting a longer mixing distance. Finally we characterized the mixing time of the sharp-edgebased micromixer. The average mixing time (t s ) was estimated using the following equation,
where t s is the mixing time, L mix is the distance from unmixed to completely mixed regions, and V avg is the average fluid velocity. The mixing distance was measured to be approximately 400 mm from Fig. 6b , and the average fluid velocity was calculated to be 2.2 mm s 21 by dividing the combined flow rate by the cross-sectional area of the channel (600 mm by 50 mm). The mixing time was thus calculated to be around 180 ms which is comparable to those of existing microfluidic mixers. [42] [43] [44] [45] 51, 53 We believe that the mixing time can be further shortened through the optimization of design parameters, such as the distance between consecutive single sharpedge or the height of sharp-edges.
In conclusion, we present an acoustofluidic micromixer based on the acoustic streaming effects induced by oscillating sharp-edges. The recirculating flows induced by the oscillation of sharp-edges allow two fluids to interchange and thus enhances the mass transport across the channel, greatly improving the mixing efficiency. We have demonstrated that homogeneous mixing across the channel width can be achieved and the mixing time was calculated to be y180 ms. The effects of the sharp-edge geometry, the driving frequency, the driving voltage, and the flow rates on mixing performance were thoroughly investigated. Our sharp-edgebased acoustofluidic micromixer has many desirable characteristics, such as its excellent mixing performance, simplicity, convenient and stable operation, fast mixing speed, and ability to be toggled on-and-off. These characteristics make it promising for a wide variety of lab-on-a-chip applications.
